We present a resistive pressure sensor based on the thin film printed via melt electrospinning of polyether block amide (PEBA). This thin film is created by arranging the electrospun cylindrical fibers periodically into a narrow vertical wall. We coat this film using poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and place it between top and bottom counter electrodes for the pressure sensor. With the application of pressure, the variation of the contact area between the electrode and the cylindrical surface of the film produces a sensitive current response for detecting a wide range of pressure with tunable sensitivities. We present the optimized process conditions of the melt electrospinning for the construction of the micro structured thin film. We also develop theoretical model based on the classical contact theory to characterize and predict the sensor responses. Finally, a multi-touch interface for a mobile device is demonstrated based on the described methods. The reliable, cost effective, and scalable characteristics of the presented method offer great promise for mobile or wearable applications.
Introduction
Functionality of engineered materials can be often leveraged by their structural geometry. This is particularly important for the applications using micro or nano structures in the flexible electronics [1] [2] [3] [4] [5] , wearable devices [4] [5] [6] [7] [8] , and bio-engineering products [9] [10] [11] [12] [13] [14] [15] [16] . Examples include recently developed resistive sensing devices based on the nanofiber interlocking [17] , micro polymer pyramids [18] , hollow-sphere micro structure [19] , mechanical crack [20] , and laser-scribed graphene [21] . These devices utilize the contact responses of their micro or nano structures under external pressure or strain, thereby achieving highly sensitive sensing capabilities. Researchers also introduced various sensing mechanisms along with the fabrication techniques of their unique micro structures. However, fabrication of these structural components often requires complicated processes (e.g., replica molds, chemical reactions, or laser patterning), thus increasing the process time and costs for their fabrication. Development of new sensing mechanisms and fabrication techniques for fast, cost effective, and highly reproducible devices remains a challenge.
As presented in recent studies, micro structured polydimethylsiloxane (PDMS) (elastic modulus, 0.05-4 MPa) [18, 22] or high aspect ratio polyurethane-based nanofibers (elastic modulus, 19.8 MPa) [17] have shown promise of high precision sensing of pressure or strain based on the change of contact conditions. These approaches mostly use the replica molds for the controlled fabrication of their micro or nano scale structures. Another unique structure can be found within the controlled arrangements of micro-to nano-meter fibers by the recently developed electrospinning technique [2, 9, [23] [24] [25] . Examples include nanowalls constructed by electrospinning an aqueous polymer solution (poly(ethylene oxide), PEO) [24] and scaffolds printed by melt electrospinning a thermoplastic polymer (poly(ε-caprolactone), PCL) [9] . They both show periodic cylindrical surfaces from the geometry of the spun fiber used to build their structures. Researchers have demonstrated around 300 layers of nanofibers (0.18 μm in diameter) aligned for constructing nanowall with its final structural dimension around 54 μm×1 mm [24] . The electrospun micro PCL fibers [9] were constructed to much fewer layers (in the order of 10 1 ) and the printing result is limited to a layered mesh-like scaffold structure. While the previous works have rather been focused on the stabilization or controlled alignment of the electrospun fiber jet, its potential application to the pressure sensitive compressible platform has been relatively unexplored.
Here, we present a resistive pressure sensor based on the micro structured thin film printed via melt electrospinning technique. Specifically, vertically-ordered periodic arrays of cylindrical micro structures are created by layering each electrospun cylindrical fiber into a narrow vertical wall. After conductive polymer coating is applied on top of the printed thin film, pressure sensors are prepared by sandwiching the coated thin resistive films between top and bottom electrodes. When pressure is applied, the change of contact between the electrospun cylindrical structures and the electrodes produces a sensitive current response that can detect a broad range of pressure with tunable sensitivities. We present optimized process parameters for the construction of our unique fibrous thin film as well as an exemplary technique to fabricate a pressure sensor. The theoretical model based on the classical contact theory is adopted to characterize and predict the sensor responses. Finally, a multi-touch interface for mobile devices is demonstrated based on the described methods.
Methods

Overall setup for the melt electrospinning system
A glass nozzle (inner diameter=800 μm) is used as a printing nozzle. A metal wire (diameter=200 μm) is installed inside the glass nozzle for the application of high electric potential. A polytetrafluoroethylene (PTFE) cylinder (melting point, 327°C) is machined for the heating chamber, and a cable heater with a thermocouple is wrapped around the PTFE heating chamber. The heater and the thermocouple are connected to the temperature controller (TZ4W, Autonics). The back pressure is applied by the pressurized air and pressure regulator at the back side of the nozzle. A programmable high voltage source (model 4200, EMCO high voltage) is connected to the metal wire for the application of high electric potential, and it is driven by a DAQ system (NI USB 6009, National Instruments) through a custom-made user interface based on LabView TM . An XYZ motion stages and controller (OptoSigma) are installed and used for the manipulation of the collecting substrate. A vision system with CCD camera (EO-1312C, Edmund Optics) is installed and used for the optical images and in situ printing movies.
Materials
The polyether block amide (PEBAX ® 2533, Arkema) is used for the construction of periodically ordered electrospun elastic fibers. Because the electrospun fiber itself is not conductive, the poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) solution (3.0-4.0 wt%, Sigma-Aldrich) is used for the conductive coating outside the electrospun fibers after electrospinning. A glass pipette is used for dispensing PEDOT:PSS droplets on to the electrospun film. We then apply a rolling cylinder on both sides of the film to spread the droplets for 10-100 min. The coated film is kept at room temperature for more than 24 h to dry out the water inside the PEDOT:PSS inks. The ITO-coated PET substrate (15 Ω sq −1 , Fine Chemicals Industry) is used for the counter electrodes of sensors. All materials include the Kapton film (for the spacer and substrate) and the printing paper (for the substrate) are used as purchased.
In situ measurement of the micro contact
A specially designed in situ mechanical characterization system with four-axis nano positioner (SmarAct GmbH) and micro force sensor (FT-S10000, Femto Tools) is used inside the focused ion beam (FIB) system, capturing the change of contact (compression of fiber δ and the contact length 2a) as a function of the applied force. In this experiment, we press the cylindrical surface of the micro structured film (d∼50 μm) gradually with the force sensor tip in a planar shape (50 μm×50 μm). We conduct the compression test four times, and the averaged pressure is calculated by dividing the force measurement by d 2 .
Pressure sensor prototyping and characterization
The fabricated resistive thin film Figure 1 (a) presents the working principle of the proposed pressure sensor showing the periodically ordered electrospun elastic fibers (green), PEDOT:PSS coated conducting layer (blue), and the counter electrodes (dark gray). In this configuration, the external pressure applied on the top surface causes the change of contact condition between the electrodes and the film, which in turn leads to the change of electrical resistance. To construct the proposed periodically ordered elastic fibers, the melt electrospinning system composed of the nozzle, heating elements, and staging components (shown as a schematic in figure 1(b) ) is built and used. See the Methods and supplementary information (figure S1 is available online at stacks.iop.org/SMS/27/11LT01/mmedia) for more details of the printing setup. We manipulate the scanning direction back and forth in one-dimension to lay each string of electrospun polymer jet on top of each other. The melt electrospinning technique used in this work is similar to the one presented for building scaffold structures using PCL [9] . However, the improved spun jet control in our system (details are provided in the following) allows the highly aligned deposition of hundreds of micro fibers into a single wall. This results in a smooth, periodically arranged cylindrical micro surface on both sides of the electrospun film that plays a major role for the proposed pressure sensing mechanism. We also investigate the technique for producing a large scale (10 mm×70 mm) micro structured thin film by optimizing the process conditions. While the PCL is easy to be electrospun from the melt due to its low melting point (∼60°C), the relatively high modulus of PCL (0.4-1 GPa) [26, 27] limits its pressure sensitive deformation under the external load in low pressure regime (<10 kPa, approximating gentle touch) [18] . As described earlier, PDMS is more suitable for the pressure sensitive application [18, 22] . However, it is incompatible with melt electrospinning because it is thermoset material. In this regard, a soft thermoplastic elastomer (TPE) would be a great alternative for the related device utilizing a melt electrospinning. Nonetheless, there has been little effort on assessing the electrospinnability of the TPE.
Among numerous types of existing TPE, polyether block amide (PEBA) has desirable mechanical properties for the proposed pressure sensors, such as its low density, high mechanical strength, and high elasticity [28] . In this work, the softest grade of PEBA (PEBAX ® 2533, Arkema, elastic modulus of 12-14 MPa) is melt and electrospun to construct the elastic thin film with cylindrical micro structures. We succeed in building a narrow vertical wall composed of precisely aligned fibers whose diameters ranged from 15 to 80 μm depending on the process conditions. Details of controlling such fabrication processes are described below.
Direct printing of thin wall via electrospinning
To control the desired fiber diameter as well as to prevent the fiber whipping and fiber breakage during vertical fiber alignments, the back pressure (P b ), melt temperature (T m ), and the linear velocity of the collecting substrate (V C ) are manipulated. In the supplementary information (figure S2), we provide the measured average fiber diameter (d) of the resulting narrow wall with respect to P b , T m , and V C . Particularly, similar to the previous works [9, 24] , V C should be carefully controlled to build a well aligned fibrous wall considering the jet speed of spun fiber, V J (figure 1(c)). As presented in the supplementary information (figure S3, and movie S1), the jet speed tends to increase as the melt temperature increases, and there exists a minimum velocity of the collecting substrate V C for the given jet speed V J to stabilize the spun fiber. Above the minimum value of V C , the spun jet is subjected to a tensile force by the faster movement of the substrate than the fiber jetting speed, such that the fibers can be well aligned in one direction. The average fiber diameter of the narrow wall decreases as V C increases above its minimum value because of the increase of mechanical stretching in the spun fiber (see figure S2 ). Further acceleration of the collecting substrate breaks the spun fiber and a continuous fiber cannot be constructed. Figure 1 (c) captures an in situ fiber spinning to construct a narrow vertical wall by laying down a single spun fiber sequentially onto a Kapton film (we provide a movie clip as a Supplementary Information, movie S2). We also attempt to build different micro structures of the printed films when V C >V J and V C <V J , and the magnified images of those micro structures are provided with the schematic illustrations in the supplementary information (figure S4, movies S2, and S3). Since the electric field is applied between a metal conductor inside the glass nozzle and the grounded substrate in our electrospinning setup (see figure 1(b) , and the Methods), the same structure can be built onto a variety of conductive/ non-conductive film, such as a printing paper placed on the grounded substrate (see the Supplementary Information, movie S4, and figure S5).
The maximum possible height of the constructed wall by the current setup is measured to be around 10 mm (∼650 layers of 15 μm fibers) when it is spun with 70 mm width. We find that narrow walls with 15-80 μm diameter fibers can be fabricated up to 10 mm height with good reproducibility, when we use the electric field strength, E=1 kV mm −1 (i.e., 10 kV of the electric potential applied between the nozzle and the grounded substrate). Considering the distance between the nozzle and the grounded substrate affects the electric field strength to stabilize the spun fiber in the melt electrospinning [9, [24] [25] [26] , we observe that the spun fiber jet gets unstable when this distance exceeds 15 mm with 10 kV of the applied electric potential (i.e., E=0.67 kV mm −1 ).
Furthermore, in our experiments, the wall made of a soft PEBA cannot stand vertically by itself exceeding 10 mm height due to the extremely thin thickness of the wall (tens of micrometer) compared to its height (10 mm). As in figure 1(d) (see figures S5 and S6 as well), the printed narrow wall can be separated from the substrate easily into the form of a flexible, transparent free-standing thin film. The elastomeric behavior of the TPE used to print the thin film enables high flexibility, and the directional nature of the printed film maximizes its high mechanical stretchability along the fiber alignment direction (in the range of 260%, see the Supplementary Information, movie S5). figure 1(f) captures the well adhered interfaces between each spun fiber to form unique micro structures of the printed film. Due to the circular cross section of the spun fiber, the micro pattern is well defined by the fiber diameter, d, that determines the film thickness.
Preparation of resistive micro structured film
As presented in figures 1(g)-(h), after electrospinning, we apply a thin conductive coating outside the cylindrical micro structures with a conductive polymer, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [18, 29] . See the Materials section in Methods for more detail. The PEDOT: PSS coated electrospun film can be prepared into a desired dimension, e.g., 7 mm×7 mm (See figure 1(g) ), to be used as a resistive layer for the sensing device. The electrical resistance of the PEDOT:PSS coated film with respect to the coating time is provided in the Supplementary Information, figure S7 . The magnified SIM image shown in figure 1(h) captures the additional PEDOT:PSS layer formed outside the electrospun fibers. We note that the similar microstructures can also be found in the advanced method such as coaxial electrospinning [30, 31] , which can produce spun fibers surrounded by different material. Considering our technique uses the PEDOT:PSS coating as a post process to produce an additional conductive layer outside the electrospun fibers to control the conductance of the resistive film, it remains a potential challenge for further developments.
Contact mechanism of cylindrical micro structures
To characterize the mechanical response of the electrospun film, we begin with investigating the contact condition between a single fiber and a flat surface. For experiments, the spun fiber is compressed with a precise force control and measurement system within the FIB system [32] (see figure 2(a) and the Methods for detailed setup). When pressure is applied gradually, the fiber develops an increased contact area with the flat surface. We plot the compression, δ and the contact length, 2a with respect to the applied pressure, P in figures 2(b), (c). The SIM images presented in figures 2(d)-(f) show the snapshots of the contact length, 2a and the deformation of the cylindrical micro structure in the film during the compression. The classical Hertzian contact theory predicts δ as below [33] 
Here, E 1(2) and ν 1 (2) are the Young's modulus and Poisson's ratio of force sensor (cylinder), respectively. Note that we neglect the effect of thin PEDOT:PSS layer outside the spun fiber in the calculation for simplicity. Because the contact length can be approximated by 2a∼(2dδ) 1/2 by assuming small δ, the area of contact, A C can be obtained as A C =(2δ) 1/2 d 3/2 . As shown in figures 2(b), (c), while a hysteretic effect is observed due to the rubber like behavior of the TPE ( figure 2(b) ), the experimental data matches closely the classical contact theory in the pressure below 500 kPa. Assuming that the contact area (A C ) and the reduced thickness (d-δ) of the unit cylinder determine the equivalent electrical resistance, R between the top and bottom surfaces of the contact, we can approximately express R as ρ(d-δ)/A C (where ρ is the electrical resistivity of the unit cylinder). This simplified relation provides us with the analytical basis of quantifying the proposed sensor's response to pressure caused by the geometrical changes of the cylindrical micro structure. 
Pressure sensor prototype and characterization
Based on the results above, we prototype a pressure sensor by sandwiching the PEDOT:PSS coated electrospun fibers (resistive thin film) between electrodes. A three-dimensional schematic illustration of the prototype sensor is presented in figure 3(a) . See the supplementary information, where figure  S8 presents the optical image of the prototyped sensor. A high sensitivity and repeatability of the current response is measured by applying pressure up to 8 kPa at a loading rate of 200 Pa s −1 as shown in figure 3(b) . See the Methods for details of the experiments. We plot the temporal response of the pressure sensor to four different peak pressures, i.e., P max =1, 5, 20, and 40 kPa in figure 3(c) (the applied pressure is represented as a blue dash line in figure 3(c) ). We find that as the pressure increases, we observe the larger current generated. The nonlinear response of sensor with respect to the applied pressure can be explained by the nonlinear relationship of the Hertzian contact (equation (1)). We also witness that the peak current at 40 kPa is in a similar range to the case of 20 kPa. This is due to the saturation of the current under the large deformation of the fibers. We provide an analytical prediction of the nonlinear current response of pressure sensor in the following section. Note that in figure 3(c) , we also plot the pressure response of the film without coating of the PEDOT:PSS layer. We evidently observe that the sensitivity of this uncoated film is drastically reduced compared to the coated case.
The current (i s )-voltage (V S ) characteristics of the pressure sensor are presented in figure 3(d) for different applied pressures. The equivalent electrical resistance of the sensor (calculated by the reciprocal of the slope) decreases from 6.29 MΩ at P=0.5 kPa to 139.16 kΩ at P=12 kPa. The step response shown in figure 3(e) represents the dynamic response time of the sensor within 35 ms (d=30 μm), when a 5 kPa step input is applied. When the sensor is fabricated with larger electrospun fibers (d=70 μm), slower response time is observed (>50 ms).
Sensing mechanism of pressure sensor
To predict the current response of the pressure sensor, we propose a simplified equivalent circuit model as presented in figures 4(a), (b) . In this model, we assume that the PEDOT: PSS coated resistive thin film behaves like an Ohmic conductor, such that it has the electrical resistance R, affected by the contact area A p (=N 2 A C ) and the reduced thickness (d − δ), that depends on the applied pressure P. Because the current response of the pressure sensor follows the Ohm's law as in figure 3(d) , this simplified approach is plausible for the approximation of current response of the sensor. So, by assuming R∼ρ(d − δ)/N 2 A C , we can express the current i s as: (e) Dynamic current response of the sensors under 5 kPa step input. The rise time of the step input is less than 1 ms. The sensor is prototyped and tested using the resistive film with the electrospun fiber diameter, d=30 μm for (b)-(d), and the sensors made of resistive films with two different electrospun fiber diameters (d=30 μm, d=70 μm, respectively) are used for the step response presented in (e).
In equation (2), X and N represents the width of sensing area (e.g., 7 mm), and the number of cylindrical micro fibers (N=X/d), respectively. R e represents the equivalent electrical resistance of the counter electrode, measured between the shortcircuited (without the resistive film) top and bottom counter electrodes (48.2±2.3 Ω in this study). This analytical model predicts the current, i s in terms of the applied pressure, P.
It should be noted that the response depends on the diameter of micro cylinder, d as well. The cyclic measurements of relative current changes (i s -i 0 )/i 0 for different types of pressure sensors (d=30, 50, and 70 μm), conducted at a loading rate 600 Pa s −1 , are illustrated in figure 4(c) . The measured fiber diameter distributions are slightly higher than nominal diameters: 31.9±2.4 μm, 52.0±1.7 μm, and 72.4±3.9 μm. In this figure we also include the calculations by the simplified analytical model (equation (2)). The reference current i 0 (=0.97 μA) is measured when the counter electrodes and the resistive film are in contact. We observe small hysteresis between the loading and unloading cycles. However, the sensor responses follow the analytical model prediction well along the loading direction in low pressure regime. Our simplified model fails to capture the current response accurately when the applied pressure is higher than 20 kPa, because of the inaccuracy of the Hertzian contact law under large deformation. See the supplementary information figure S9 for the efficacy of the Hertzian contact within the cylindrical micro structures for the proposed sensing mechanism, where we compare the current response of the proposed sensor to a device fabricated with PEDOT:PSS layer coated on the non-structured (flat) bottom electrode. The cyclic loading test (∼1200 cycles) result is also shown in figure S10 to verify the sensor's durability.
Pressure sensitivity of sensor
Based on the pressure-current response ( figure 4(c) ), the sensitivity (S=(di s /dP)/i 0 ) of the pressure sensors is calculated and plotted in figure 4(d) . We observe that the sensitivity decreases as higher pressure is applied to the sensors as shown in figure 4(d) . In addition, the sensitivity of the sensor made of smaller diameter fibers shows higher sensitivity than the one with lager diameter fiber (i.e., 5.34 kPa −1 for 30 μm, 2.64 kPa −1 for 50 μm, 1.85 kPa −1 for 70 μm at P=1.2 kPa). Such dependence of the sensitivity to the fiber diameter is predicted from our simplified equivalent circuit model (equation (2)) based on the Hertzian contact. The tunable nature of the film's sensitivity can be exploited for sensor design purposes. ) at pressures<8 kPa, promising an enough sensitivity for the detection of gentle touch at a low-pressure regime. At a much lower pressure regime, the sensor (made of 30 μm fibers) shows its highest sensitivity, 11.24 kPa −1 at pressures <570 Pa, but less than the result presented with the sensor using hollow-sphere micro structure [19] (7.7∼41.9 kPa −1 at pressures <100 Pa). While the sensitivity of their sensor [19] dropped to <0.4 kPa −1 at pressures >1 kPa, our sensor's sensitivity maintained higher value (>1.06 kPa −1 ) up to broader pressure ranges (<14 kPa), i.e., the sensitivity of our sensor made of 30 μm fibers, dropped to less than unity (<1.06 kPa ) at pressures >14 kPa.
Demonstration of multi-touch interface for mobile applications
The performance of the pressure sensor is demonstrated with touch sensors composed of 8 sensor arrays and 36 (6×6) sensor arrays by the proposed direct printing method and sensing mechanism. Firstly, we fabricate the sensor by placing 8 resistive films (tailored into 8 mm×4.5 mm) between top and bottom counter electrodes (ITO-coated PET) with an inter-digitized electrode as presented in the supplementary information, figure S11 . We demonstrate its sensing capability to capture a swiping motion of finger tips and multiple finger tips detections with the prototyped sensor (see the supplementary information, figure S11 and movie S6).
The proposed sensor can be integrated to the touch interface for mobile devices such as a smart phone. To demonstrate a proof of this concept, we present a prototype touch interface that consists of 36 (6×6) sensor arrays ( figure 5(a) ) with a smart phone display, and the response of the device as shown in figures 5(b), (c). Each pixel of sensor arrays has a dimension of 5 mm×3 mm. The inter-digitized bottom electrodes are fabricated by E-beam evaporation system (Silver, 150 nm in thickness). See the Supplementary Information, figure S12 for more details of the prototype device.
A PC interface programed by LabView TM is mirrored into a smart phone display to detect and draw the motion of the finger tips in real-time, as shown in figure 5 . Supplementary movie S7 shows the fast and reliable response of the touch interface with various finger tips motion and a yellow rubber smile ball (weight, 16.5 g) on to the fabricated device. Supplementary movie S8 also demonstrates the letter patterns (the alphabet 'A' and 'B') recognitions drawn by a stylus, the zoom-in and zoomout motions by two finger tips as well as a soft brushing motion on to the sensor arrays. Temporal surface maps capture the letter pattern recognition (alphabet 'A') drawn by a stylus is presented in figure 6 . See supplementary movie S9 as well.
Conclusion
In the present work, we developed a new type of pressure sensor based on the PEDOT:PSS coated micro structured thin film, printed via melt electrospinning of PEBA. We investigated the printing mechanism as well as process conditions for controlled fabrication of the proposed thin film. Based on this fabrication process, a new sensing mechanism using the micro structures of the electrospun film is suggested and validated analytically and experimentally. The sensor exhibits a high sensitivity in a wide range of the applied pressure, and the sensitivity can be tuned by the diameter of the cylindrical micro structures of the printed film. The printed thin film is advantageous for the integration into a multiplex sensing device to sense human finger motions. A multi-touch interface for mobile devices is demonstrated based on the described methods and we have shown great promise for the mobile or wearable applications of the proposed sensors with the reliable, cost effective, and scalable advantages. The dynamic performance of the sensor enables a successful capture of the fast finger swipe motion (160 mm s ), and the multiplex sensor detects the multiple finger tips motion with high sensitivity as well as reproducibility. The key contribution of this work is; (1) the presentation of a unique, compressible cylindrical micro structure created by controlled arrangement of the electrospun micro fibers; (2) and the demonstration of these micro structures' potential applications for the pressure sensing platform with tunable sensitivity; and (3) the development of a fast and cost effective fabrication technique of large area, flexible, stretchable, and micro structured free-standing thin film based on the direct printing method. The technique proposed in this work will contribute to the development of advanced devices for the flexible electronics and wearable products.
